Duck enteritis virus (DEV) is an important herpesvirus pathogen associated with acute, highly contagious lethal disease in waterfowls. Using a deep sequencing approach on RNA from infected chicken embryo fibroblast cultures, we identified several novel DEV-encoded micro (mi)RNAs. Unlike most mardivirus-encoded miRNAs, DEV-encoded miRNAs mapped mostly to the unique long region of the genome. The precursors of DEV miR-D18 and miR-D19 overlapped with each other, suggesting similarities to miRNA-offset RNAs, although only the DEV-miR-D18-3p was functional in reporter assays. Identification of these novel miRNAs will add to the growing list of virus-encoded miRNAs enabling the exploration of their roles in pathogenesis.
MicroRNAs (miRNAs) are increasingly recognized as major regulators of gene expression in many organisms, including viruses. Herpesviruses, belonging to a-, b-and cfamilies, account for the majority of the currently known virus-encoded miRNAs (Cullen, 2009; Gottwein & Cullen, 2008) . Duck enteritis virus (DEV), also referred to as the duck plague virus, is a highly contagious a-herpesvirus causing an acute disease with high mortality in waterfowl. A recent study has shown that DEV has a genome structure similar to those of iltoviruses (Zhong et al., 2009) . We and others have previously reported the identification of miRNAs from a number of avian herpesviruses including 14 miRNAs from Marek's disease virus (MDV)-1 (Burnside et al., 2006; Yao et al., 2008) , 18 from MDV-2 (Waidner et al., 2009; Yao et al., 2007) , 17 from herpesvirus of turkeys (HVT) (Waidner et al., 2009; Yao et al., 2009) and seven from infectious laryngeotracheitis virus (ILTV) (Rachamadugu et al., 2009; Waidner et al., 2009) . The functional targets of most of these miRNAs are not known. Nevertheless, some of these miRNAs have been shown to play major roles in virus pathogenesis Yao et al., 2009) . Most virus-encoded miRNAs have shown little sequence conservation with those encoded by other viruses, although their locations in the viral genomes did reveal some levels of conservation (Waidner et al., 2009; Yao et al., 2007 Yao et al., , 2009 . To examine whether DEV did encode miRNAs, we carried out deepsequence analysis on small RNA extracted from chicken embryo fibroblast (CEF) (miRVana miRNA isolation kit; Ambion) heavily infected with anatid herpesvirus-1 strain 568 (kindly provided by Professor Kaleta, University of Giessen, Germany) on the Illumina GAIIx platform by GATC Biotech. Out of the 1 345 371 sequence reads with high base quality scores, 34 644 aligned to the DEV genome sequence (GenBank accession no. EU082088). Of these, a total of 19 251 that perfectly matched with the DEV sequence represented 46 candidate miRNAs. Using the RNA folding program Mfold (Zuker, 2003) , the 60-80 nt region surrounding each of the DEV miRNAs could be folded into primary miRNA hairpin structures, with each mature miRNA forming one arm of the stem. For further confirmation of the potential DEV-encoded miRNAs, array-based miRNA profiling was performed on DEVinfected CEF and uninfected CEF using miRNA microarrays designed to cover all chicken miRNAs in miRBase v.17 (http://www.mirbase.org/) and the candidate DEVencoded miRNAs identified by deep-sequencing analysis. The miRNA microarray expression assay and the statistical analysis of the microarray data were performed by LC Sciences. Probes for the chicken miRNAs (a total of 542 miRNAs; miRBase release 17) and 72 custom probes of candidate DEV miRNAs were printed on chips in six replicates and hybridized with Cy5-labelled small RNAs isolated from either DEV-infected CEF or uninfected CEF. In addition, the control probes were included on each chip for quality controls of chip production, sample labelling and assay conditions. Data were analysed using ANOVA and t-tests. Normalization of expression was performed using a cyclic LOWESS method. miRNAs showing differential expression at the P-value ,0.01 were selected for clustering analysis, which was performed using a hierarchical method based on average linkage and a Euclidean distance metric (Eisen et al., 1998) . In agreement with the sequencing data, all the miRNAs undetectable by microarray are those with very low frequency particularly with only one read from the deep sequencing. The miRNAs displaying differential expression (P-values ,0.01) by cluster analysis were analysed further and sequentially named from DEV-miR-D1 to DEV-miR-D24 according to their genomic locations. Mature miRNA species showed sequence lengths of 19-24 nt, most of them 22 nt long. The numbers of individual reads of each of these 24 miRNAs varied greatly. While some of the miRNAs such as DEVmiR-D8 were highly abundant with 3028 reads, others such as DEV-miR-D2 was detected only as a single copy but they are still differentially expressed as detected by miRNA microarray (http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE36258). The functional relevance of miRNAs detected at very low levels by deep sequencing has been questioned (Cullen, 2011) . However, such low copy miRNAs have also been detected in other viruses using other assays such as Northern blotting or RT-PCR Waidner et al., 2009) . The features of the 24 DEV-encoded miRNAs, including the nine miRNAs where both strands of the mature miRNA duplex could be demonstrated, are shown in Table S1 (available in JGV Online). The secondary structure of those miRNAs is shown in Fig. 1 (a). Sequence length variability was noted at both the 59-and 39-ends of the miRNAs as indicated by parentheses in Table S1 , generating families of isomiRs for some of the miRNAs possibly arising from the imprecision in precursor processing (Morin et al., 2008) . The 59-end of miRNAs, especially the 2-7 nt 'seed sequence', is critical for target mRNA binding and translational inhibition function (Bartel, 2009) . Therefore, the sequence differences at the 59-end of some DEV miRNAs provide the potential to target multiple mRNA targets (Gottwein & Cullen, 2008) . We also examined whether any of the DEV miRNAs showed sequence homology with existing miRNAs in the miRBase (http://www.mirbase.org/). For this, each of the DEV miRNA sequences were searched against those in the miRBase database (Release 18) using a regular expression search implemented in Perl (http://www.perl.org) that looked for seed as well as full-length sequence matches in other species. Although this search did not identify any fulllength homologies with other miRNAs, some of the DEV miRNAs showed seed sequence homology with a number of miRNAs in the database (Table S2 ). Our previous study demonstrating the ability of MDV-miR-M4 and gga-miR-155 to act as functional homologues despite only sharing their seed regions (Zhao et al., 2009) , indicated the potential of the DEV miRNAs also to act as functional homologues of miRNAs sharing the seed sequence. For gaining further insights into the DEV miRNA functions, we examined the predicted targets of the three highly expressed DEV-encoded miRNAs using the miRNA target prediction program Targetscan 5.2 Custom (http://www.targetscan.org) against chicken 39-UTR. Most of the target sites were conserved across multiple species (data not shown) thus increasing their likelihood to be the real targets. The numbers of predicted targets of each of three miRNAs varied greatly. While there were over 200 predicted targets for the most highly abundant DEV-miR-D8-3p, the second highly expressed DEV-miR-D17-5p has only one predicted target. There was nine predicted target genes for DEV-miR-D18-3p (Table S3 ). Due to the large number of the predicted target genes for DEV-miR-D8-3p, only those with ¢2 target sites are shown. A number of these target genes have been reported to be involved in other virus infections. These include the GRIA4 (glutamate receptor, ionotrophic, AMPA 4) gene differentially expressed in Newcastle disease virus infection , KPNA3 (karyopherin a3) involved in the nuclear import of the influenza virus (Carter, 2009 ), HMGB1 (high mobility group box 1) protein involved in the release of both RNA (Barqasho et al., 2010; Chen et al., 2008; Chu & Ng, 2003; Jung et al., 2011; Kamau et al., 2009; Wang et al., 2006) and DNA viruses (Borde et al., 2011) and NCAM1 (neural cell adhesion molecule 1) that interacts with the spike protein of coronaviruses (Gao et al., 2010) . Although further studies are needed to identify the precise functions of DEV miRNAs, it is likely that these would involve the modulation of the functions of some of these molecules.
In addition to the differentially expressed DEV miRNAs, cluster analysis also indicated striking differences in cellular miRNA expression between DEV-infected and uninfected CEF (Fig. 2) . All significantly expressed miRNAs (P-value ,0.01) with mean intensity values of more than 500 (arbitrary units) were selected for inclusion in the heatmaps. Expression levels of 45 chicken miRNAs were altered by DEV infection, of these, 26 miRNAs were upregulated and 19 were downregulated. For the upregulated miRNAs, only two showed a more than twofold increase: gga-miR-203 and gga-miR-1607. Seven of the downregulated miRNAs showed a more than twofold decrease in their expression: miR-1759, miR-1767, miR-466, miR-146b, miR-1690*, miR-1796, and miR-1560*. Interestingly, miR-146b previously reported to be associated with immune-related signal pathways in mammals also downregulated in avian influenza virus-infected lungs and tracheae in chicken (Lindsay, 2008; Wang et al., 2009) . The exact function of the differentially expressed miRNAs in the DEV infection remains to be determined.
Unlike most mardivirus-encoded miRNAs that are located at the repeat region (Fig. 1b) , the majority of the DEV miRNAs were encoded within the unique long region as six clusters from both the coding and non-coding regions of the 15 809 bp viral genome (Fig. 1c) . The miRNAs miR-D22 and miR-D23 were encoded from the coding region of ICP4 in an antisense orientation, enabling them to function in an siRNA-like fashion (Barth et al., 2008; Seo et al., 2008 Seo et al., , 2009 Sullivan et al., 2005; Tang et al., 2008 Tang et al., , 2009 Waidner et al., 2011) , as reported in MDV-2 and ILTV (Waidner et al., 2009; Yao et al., 2007) . Discovery of novel DEV-encoded miRNAs together with the previously identified miRNAs in MDV-1 (Burnside et al., 2006; Morgan et al., 2008; Waidner et al., 2009; Yao et al., 2008) , MDV-2 (Waidner et al., 2009; Yao et al., 2007) , HVT (Waidner et al., 2009; Yao et al., 2009) and ILTV (Waidner et al., 2011) , make avian a-herpesviruses a rich source for viral miRNAs.
Closer examination of the genomic locations of the DEV miRNAs revealed that the precursor sequences of two of the miRNAs, miR-D18 and -D19 do overlap (Fig. 3a) . The mature sequence of the two miRNAs follows the same pattern as miRNA offset RNAs (moRNAs), a recently discovered class of small RNAs (Shi et al., 2009 ) closely related to miRNAs (Fig. 3b) . moRNAs are derived from sequences located immediately adjacent to the mature miRNA and miRNA* strands in the pri-miRNA precursor and have been recovered at low levels in several studies using deep sequencing (Babiarz et al., 2008; Jurak et al., 2010; Ruby et al., 2007; Shi et al., 2009; . The stem-loop of miR-D19 does not seem stable based on some of the set criteria (Han et al., 2006 ). However, the high level expression of miR-D19 in infected cells as evident from the number of reads by deep sequencing (Table S1 ), signal intensity of 9158 arbitrary units in microarray analysis (http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc=GSE36258), detection in Northern blot analysis (Fig. 3c) and high expression levels in infected cells (Fig. 3e) indicate that DEV-miR-D19 is a genuine miRNA. In order to examine the functionality of these two miRNAs, we carried out reporter assays using Renilla luciferase-based reporter plasmids (Zhao et al., 2009) , bearing four tandem repeats of artificial target sites with a perfect match to each miRNA, inserted into the 39-UTR. The reporter plasmid was co-transfected into DF-1 cells along with the plasmid expressing miR-D18 and -D19. The luciferase expression was assayed 36 h post-transfection using the Dual-Glo Luciferase Assay System (Promega). While miR-D18 was able to inhibit luciferase reporter expression 90 % relative to a negative control reporter plasmid, miR-D19 showed no inhibitory effect (Fig. 3d) , demonstrating that only miR-D18 is potentially functional. In order to validate the expression of both miRNAs in this assay, we determined the expression levels in transfected cells using the TaqMan miRNA Assay System (Applied Biosystems) together with the DEV-infected CEF and normal DF-1 controls. The result showed that miR-D18 and -D19 are equally expressed although at a low level compared with the infected cells (Fig. 3e) . Despite our efforts to demonstrate functionality to DEV-miR-D19, the expression pattern of DEV-miR-D18 and D19 identified in this report represent the first example of the overlapping property of adjacent miRNAs.
Identification of novel miRNAs reported here provides the opportunity for further studies to examine the role of these novel miRNAs in DEV biology and pathogenesis. A recent report comparing the genome sequence of the virulent wildtype DEV strain 2085 and the vaccine strain of DEV has detected differences in 54 of 78 predicted ORFs , but not in any of the miRNAs reported in this study. However, these observations are not entirely surprising as pathogenic and vaccine strains of MDV also did not show difference with respect to miRNAs . A more direct approach to examine the functions of these miRNAs in the disease pathogenesis will be to use viruses with deletions in specific miRNAs in disease models (Zhao et al., 2011) . A recent report on the development of infectious bacterial artificial chromosome clones of DEV would enable the generation of miRNA mutant viruses using reverse genetics approaches. P]ATPradiolabelled antisense oligonucleotides to the indicated miRNAs. The cellular U6 small nuclear RNA served as the loading control. A representative blot of this set is shown. (d) Inhibitory activity of miR-D18-3p and miR-D19-5p revealed in transfected DF-1 cells using luciferase-based indicator plasmids bearing four perfectly complementary target sites. For each sample, values from four replicates representative of at least two independent experiments were used in the analysis. Values are displayed relative to a control indicator bearing an unrelated sequence, which was set at 100 %. The histogram shows the relative levels of Renilla luciferase in DF-1 cells co-transfected with reporter vectors and DEV-miR-D18 and -D19 expression construct. (e) miRNA expression levels determined by qRT-PCR. Relative expression of miR-D18-3p and miR-D19-5p measured in RNA extracted from DEV-infected CEF, miR-D18 and miR-D19 expression plasmid transfected DF-1 and untransfected DF-1. Results represent the mean of triplicate assays with error bars showing SEM.
